Thermal modification of wood is an environment-friendly alternative method for improving several properties of wood without the use of chemicals. This paper deals with the examination of color and chemical changes in spruce (Picea abies L.) and oak wood (Quercus robur F.) that occur due to thermal treatment. The thermal modification was performed at 160, 180, and 210 °C according to thermowood process. The color changes were measured by the spectrophotometer and described in the L*a*b* color system. Chemical changes were examined by wet chemistry methods, infrared spectroscopy and liquid chromatography. During the experiment, oak samples showed smaller color changes than spruce samples at all temperature values. During thermal modification, the content of cellulose, lignin, and extractives increases; however, the hemicellulose content drops by 58.85% (oak) and by 37.40% (spruce). In addition to deacetylation, new carbonyl and carboxyl groups are formed as a result of oxidation. Bonds in lignin (mainly β-O-4) and methoxyl groups are cleaved, and lignin is condensed at higher temperatures.
Introduction
Wood is one of the oldest and the most abundant natural composite materials on Earth. In its structure, wood is a natural composite material formed from a chemical complex of cellulose, hemicelluloses, and extractives. These polymeric substances are not uniformly distributed within the wood cell wall and their concentration changes from one morphological region to another [1] [2] [3] [4] . Wood as a universal and renewable material is currently used in many areas, such as construction and tiling materials, furniture production, fuel, and chemical processing (pulp, paper, bioethanol, etc.) [5] .
Its color can be an indicator of the quality of thermally modified wood, and thus determine its final use on the market. The color characteristics mostly depend on the specific chemical composition of the wood in interaction with the light [6] . From a chemical viewpoint, wood is composed of cellulose (40-50%), hemicelluloses (20-30%), lignin (20-30%) and extractives (3-10%). These amounts vary in different wood species [7] . High temperatures during thermal modification cause the degradation of hemicelluloses and lignin, resulting in the production of water, carbon dioxide, formic acid, acetic acid, and other substances that can be involved in condensation reactions, and chromophore groups are formed [8] . The color of the wood darkens during thermal modification; however, the degree of color change depends on the conditions of the thermal modification, especially the temperature and duration of the treatment [9] [10] [11] . Thermal processes also affect some physical and mechanical properties (dimensional stability, hygroscopicity, durability, MOR-modulus of rupture, MOE-modulus of elasticity, etc.) [12] [13] [14] [15] [16] . Interest in thermally modified wood increases especially because of its higher durability compared to untreated wood and also because of the legal restrictions relating to use of toxic substances [17] .
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In practice, different types of wood are used under different technological conditions, depending on the wood species and its final use. Thermal modification temperatures usually range between 160 and 260 °C, but differences between individual modification methods consist of the use of a gaseous environment (nitrogen, steam, etc.), ambient humidity, the use of oil, etc. [18] [19] [20] . The modified wood has better properties for exterior and interior use, especially preservation against biotic factors, etc. [21, 22] .
The aim of this paper was to determine the effect of the thermal modification temperature on color changes and the chemical composition of spruce and oak wood in terms of their exterior and interior use, using the thermowood process.
Experimental

Materials
The experiment consisted of two basic sets of test samples (spruce-Picea abies L., and oak-Quercus robur F.). Each set was divided into subsets according to the thermal modification temperature (20, 160, 180 , and 210 °C) and consisted of ten 100 (tangential) × 20 (radial) × 200 (longitudinal) mm samples (Figs. 1, 2 ). These samples were air-conditioned (RH 65 ± 3% and temperature 20 ± 2 °C) for more than 6 months to achieve an equilibrium moisture content (EMC) of 12%.
Methods
Thermal modification
1. Heating and drying: In this phase, the temperature in the oven is increased to approximately 100 °C with steam. The drying medium is hot air. Throughout this stage, the wood is dried to approximately zero moisture content. 2. Thermal modification: In the second phase, the temperature is increased to 185-230 °C for 2-3 h. The temperature and duration of the effects are given by the thermowood product class (Thermo-S and Thermo-D).
The letter 'S' in 'Thermo-S' stands for 'stability' and it is classified as relatively durable according to the standard EN 113 standard [23] . The letter 'D' in 'Thermo-D' stands for 'durability' and it is classified as durable according to the EN 113 standard [23] . 3. Cooling and climatization: In the third phase, the wood is gradually cooled to 80-90 °C, and the humidity is stabilized so that the final moisture content stabilizes at 4-7%.
These three-phase processes are presented in Fig. 3 for spruce wood and in Fig. 4 for oak wood.
The wood samples were modified in the thermal chamber, type S400/03 (LAC Ltd., Rajhrad, Czech Republic).
Color measurement
After thermal modification, samples were relaxed for 3 h in in a chamber APT Line II (Binder, Tuttlingen, Germany) to an EMC of 8% at a temperature of 20 °C and relative humidity (RH) of 42%.
Color values of wood surface were measurement by CM-700D spectrophotometer (Konica Minolta, Osaka, Japan) (10° standard observer, D65 standard illuminate, color difference format ΔE*ab). To quantify the color, we used the three-dimensional colorimetric system L*a*b*. This color space consists of three mutually perpendicular axes: axis L* determines the lightness from 0 (black) to 100 (white), axis a* determines the ratio of red (positive) to green (negative), and axis b* specifies the ratio of yellow (positive) to blue (negative). To ensure the most accurate results the color was measured on three specific places of each sample before and after thermal modification. To assess the difference between two colors, we used a total color difference ΔE* (expressing the distance between two points in the L*a*b* system). The ΔE* was evaluated according to [24] [25] [26] and calculated using the formula (Eq. 1):
where ΔL*, Δa*, and Δb* are differences in individual axes (difference between the values measured after thermal modification of the sample and the reference sample). Untreated samples at 20 °C were chosen as references for each treatment. The measured color values were evaluated in Statistica 10 software by a two-factor analysis, and the analysis factors were the wood species and the temperature.
Chemical analyses
Reference (untreated, denoted as 20 °C) and thermally modified samples were mechanically disintegrated to sawdust, and the fraction of the size 0.5-1.0 mm was extracted in the Soxhlet apparatus with a mixture of ethanol and toluene (2:1, v/v) for 8 h, according to the NREL (National Renewable Energy Laboratory) laboratory analytical procedure [27] . The lignin content was determined according to the NREL laboratory analytical procedure based on Klason method [28] . Briefly, the samples were hydrolyzed in a two-stage process. In the first stage, 72% (w/w) H 2 SO 4 at a temperature of 30 °C was used for 2 h, and in the second stage, the samples were refluxed after dilution to 4% (w/w) H 2 SO 4 for 4 h. Acid-insoluble residue was filtered, and dried at 105 ± 3 °C
until a constant weight. Holocellulose was determined using the Wise et al. [29] , and cellulose by the Seifert method using a mixture of acetylacetone, dioxane, and hydrochloric acid (6:2:1.5) under reflux for 30 min for delignification of wood samples [30] . Hemicelluloses were calculated as the difference between holocellulose and cellulose. All measurements were performed on four replicates per sample. The data were presented as percentages of oven-dry weight (ODW) per unextracted wood.
Analysis of saccharides
The qualitative and quantitative analyses of saccharides were carried out using high-performance liquid chromatography (HPLC) according to the NREL laboratory analytical procedure [28] . The samples were hydrolyzed in a two-stage process. In the first stage, 72% (w/w) H 2 SO 4 at a temperature of 30 °C was used for 1 h, and in the second stage, the formed oligomers were hydrolyzed to monosaccharides after a dilution to 4% (w/w) H 2 SO 4 at a temperature of 121 °C for 1 h. The analyses were performed with Agilent 1200 HPLC chromatograph (Agilent Technologies, Santa Clara, USA), equipped with an Aminex HPX-87P column (Bio-Rad Laboratories, Hercules, USA) at a temperature of 80 °C, and a mobile phase (deionized water) flow rate of 0.6 ml min −1 . Two samples were hydrolysed in parallel, and each hydrolysate was analyzed twice.
FT-IR analysis of the wood's main components
Fourier transform-infrared spectroscopy (FT-IR) spectra of the wood surface were recorded on the Nicolet iS10 FT-IR spectrometer, equipped with Smart iTR using an attenuated total reflectance (ATR) sampling accessory attached to a diamond crystal (Thermo Fisher Scientific). The spectra were from 4000 to 650 cm −1 at a spectral resolution of 4 cm −1 , and 64 scans were used. Measurements were performed on four replicates per sample.
Results and discussion
In the color changes, value on axis L* (lightness) showed the most significant change out of all the evaluated parameters ( Fig. 5 ; Table 1 ). Thermally modified samples of both wood species showed a very significant drop in values due to the increasing temperature of the thermal modification. After thermal modification at 210 °C, all the tested sets of samples had a reduced of L* value by approximately 50% relative to the values obtained from untreated samples. Our values are comparable to those reported for oak, birch, pine, black alder, and beech wood [31, 32] . The results of Duncan's test shown in Table 2 show that the difference in all L* values affected by the applied temperatures was statistically very different, with a significance level of p = 0.001.
The value of a* (ratio of red to green) changed more significantly in spruce samples than in oak samples ( Table 3) . The tested wood species also exhibited different change tendencies with respect to the temperature (Fig. 6 ).
The effect of the temperature applied during thermal modification on the values of a* in spruce wood was very significant in all monitored cases, with a significance level of p = 0.001 (Table 4 ). In the case of oak wood, the difference in the measured values of coordinate a* at temperatures of 20 and 160 °C was not observed; in this case, the significance level was p = 0.718. At other temperatures, a significant difference in the measured values was confirmed ( Table 4) .
The value of b* (the ratio of yellow to blue) achieved the same values in all tested samples before thermal modification, but their subsequent changes exhibited different tendencies and intensities ( Fig. 7 ; Table 5 ). Oak wood exhibited the same decreasing tendency of changes with respect to the thermal modification temperatures. In spruce wood, the value of coordinate b* significantly increased in the case of thermal modification at 160 and 180 °C, by up to about 35%. This increase was followed by a significant decrease of up to 45% during thermal modification at 210 °C.
The results of Duncan's test shown in Table 6 show that the difference in all b* coordinate values affected by the applied temperatures was statistically very different, with a significance level of p = 0.001.
The total color difference ΔE* varies greatly with the rising thermal modification temperature (Fig. 8, Table 7 ). The ΔE* was also affected by the type of modified wood species. Spruce and oak achieved very similar results up to Table 8 show that the difference in all total color change values affected by the applied temperatures was statistically very different, with a significance level of p = 0.001.
The total color difference ΔE* varied considerably in the dependence of the temperature, and it was also affected by the wood species. At 180 °C, spruce and oak samples had very similar results (the woods have the highest color stability at thermal modification temperatures of 180 and 210 °C); however, at 210 °C, the oak sample had a smaller total color change.
Thermal modification causes decrease of polysaccharide amount in both wood species, mostly by the degradation of hemicelluloses. The amount of thermally more stable polymers (lignin, cellulose) in modified wood slightly increases. When wood is exposed to high temperatures, certain extractives decompose, but new extractives are created due to decomposition of main components, and their total quantity in thermally modified wood increases (Table 9 ). According to Nuopponen et al. [33] and Hill [34] , high temperatures cause the decomposition of ellagitannins in oak wood, resulting in the formation of ellagic acid. In pine wood at temperatures of 100-160 °C, fats and waxes moved to the surface of the wood, and at 180 °C they decomposed. Resin acids decomposed at temperatures above 200 °C. In our experiment, the least stable component of wood during thermal treatment was hemicelluloses. Their amount decreases in modified wood, accompanied by a relative increase of cellulose and lignin (Table 9 ). Hemicelluloses in spruce wood dropped by 37.40% at 210 °C, and by 58.85% in oak wood, which suggests that hemicelluloses in coniferous wood are thermally more stable than hemicelluloses in deciduous wood. Our results are consistent with the findings that hemicelluloses in deciduous wood species decompose at lower Table 4 Comparison of the effects of the thermal modification temperature using Duncan's test on the a* value change temperatures, and the decomposition temperature also reduces the amount of acetyl groups [35, 36] . The greatest degradation of spruce saccharides under thermal treatment was found in mannose, to a smaller extent in xylose, and the least in galactose [37] . In our experiment, similar results of saccharide degradation in spruce wood were found (mannose > xylose ~ galactose > arabinose). In oak wood, the least stable saccharides were galactose, arabinose, and mannose, almost completely decomposed by thermal modification (Table 10) .
Chemical changes in deciduous and coniferous wood species during thermal modification depend on many conditions, especially the temperature, duration, and atmosphere, taking into account that many competitive reactions occur simultaneously, and they particularly depend on the prevailing experimental conditions. For this reason, several authors have found different results during the thermal modification of wood. The C=O linkage exhibits strong absorptions in FT-IR spectra between 1750 and 1700 cm −1 , and the precise wavenumber depends on the functional group (carboxylic acid: at about 1725-1700 cm −1 ; ester, ketone: 1725-1705 cm −1 , aldehyde: 1740-1720 cm −1 ) and of its structural location, with lower wavenumbers for conjugated C=O [38] . In our conditions, the increase and shifting absorbance at around 1730 cm −1 to smaller wavenumbers with increasing treatment severity may be due to an increase of carbonyl or carboxyl groups in lignin or carbohydrates by oxidation (Figs. 9, 10, 11, 12 ). In thermally treated beech, spruce, and pine wood, the band increased at 1730-1732 cm −1 in deciduous wood species; in coniferous wood species the opposite trend was observed [39] . During the thermal modification of eucalyptus and pine wood, Esteves et al. [38] first observed a decline, followed by a rise in the peak at 1730 cm −1 . This decline may be due to the cleavage of acetyl groups, especially hemicelluloses; on Table 6 Comparison of the effects of the thermal modification temperature using Duncan's test on the b* value change process the other hand, carbonyl and carboxyl groups can form due to oxidation [38, 40] . Absorbance at 1655 cm −1 (conjugated C-O in quinones coupled with C=O stretching in various groups) [41, 42] decreases in spruce wood treated at the temperature of 180 °C, conversely it increases in oak wood at the temperature of 210 °C. This phenomenon can be caused by the cleavage of acetyl groups from hemicelluloses, resulting in the release of acetic acid, which occurs during the degradation of less ordered saccharides, as well as during the degradation and condensation reactions of lignin [42] .
Bands at 1505 cm −1 (C=C stretching of the aromatic skeletal vibrations in lignin) have different bands from 1504 to 1512 cm −1 , similar to eucalyptus wood [39] , which may be caused by the cleavage of methoxyl groups or the loss of syringyl units, as these are less condensed by C-C bonds than guaiacyl and more easily degraded at high temperatures [39, 43, 44] . In spruce wood, the absorbance decreased; a similar trend was observed in spruce and pine wood [38] . Some authors reported the increase of absorbance around 1505 cm −1 in thermally treated beech, teak, and oak wood [38, 43, 45] . On the other hand, in our experiment, the decrease of absorbance at 1505 cm −1 was observed, similar to eucalypt wood [37] . The decrease in bands at 1026-1030 cm −1 (C-O ester stretching vibrations in methoxyl and β-O-4 linkages in lignin) in both wood species suggests the cleavage of β-O-4 bonds and the cleavage of methoxylates from lignin. A similar decrease was found in teak and linden wood [43, 44] .
From the obtained results it can be concluded that heat treatment caused significant changes in the chemical composition and structure of both spruce and oak wood, by changing polysaccharides and lignin. Due to bond cleavage and subsequent oxidation and dehydration in polysaccharides new chromophores are formed (particularly, carbonyl and carboxyl groups). Bonds in lignin (mainly β-O-4) and methoxyl groups are cleaved, and lignin is condensed at Table 8 Comparison of the effects of the thermal modification temperature using Duncan's test on the total color difference ΔE* higher temperatures. These changes in wood's main components and higher amounts of extractives in thermally treated wood can affect its color.
Conclusions
During thermal modification of spruce and oak wood, the color changes were observed. Surface lightness (L*) decreases with increase of treatment temperature by about 50% in both wood species (53.23% for spruce and 52.96% for oak, respectively). Chromaticity values (a* and b*) have seen bigger changes in spruce than in oak wood. For both wood species, the highest total color difference (ΔE*) at 210 °C was achieved (rated as very significant color changes). During thermal modification of spruce and oak wood, the content of cellulose, lignin, and extractives increases. The least stable component of the wood at high temperatures is hemicelluloses with larger decrease in oak wood (58.86%) than in spruce wood (37.40%). In spruce wood, the thermal stability declines in the following order: mannose > xylose ~ galactose > arabinose. In oak wood, the least stable saccharides were galactose, arabinose, and mannose, which were almost completely decomposed by the thermal modification. In addition to the cleavage of acetyl groups from polysaccharides, new chromophores (particularly, carbonyl and carboxyl groups) are formed in the modified wood due to oxidation. Bonds in lignin (mainly β-O-4) and methoxyl groups are cleaved, and lignin is condensed at higher temperatures. Higher amounts of extractives in thermally treated wood can also affect its color. Thus, understanding the influence of chemical changes on wood color during thermal loading is useful for enhancing the applicability of thermally modified wood, e.g., in furniture manufacturing as an alternative to expensive tropical species. 
